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PURPOSE 


This  program  covers  the  theoretical  and  research  study  of  the 
fundamental  properties  of  high-density  plasmas  to  determine  the  discharge 
characteristics  pertinent  to  the  switching  and  controlling  or  relatively- 
large  peak  and  average  powers.  Consideration  shall  be  given  to  methods  of 
producing  and  controlling  these  discharges  and  of  determing  such  basic 
properties  of  a  dense  plasma  as:  ion,  electron,  and  gas  temperatures; 
energy  distribution;  loss  mechanisms;  and  effect  of  gas  fill  (including 
hydrogen)  and  pressure.  Information  obtained  shall  be  analyzed  both  from 
the  viewpoint  of  its  application  to  existing  devices  and  to  the  conception 


of  new  devices . 


ABSTRACT 


The  fabrication  of  the  apparatus  required  for  the  formation  of  a  high 
density  plasma  is  in  progress.  The  instrumentation  for  the  investigation  of 
the  properties  of  high  density  plasmas  has  been  partially  tested.  For  the 
formation  of  the  high  density  plasma^  a  bank  of  capacitors  is  discharged 
through  a  one  turn  coil.  Measurements  of  the  magnetic  field  strength^ 
uniformity  and  variation  in  time  have  been  made.  Testing  of  microwave 
equipment  is  proceeding  and  indicates  that  there  is  greater  than  2^  ionization 
in  the  plasma.  Photomultiplier  observations  of  the  visible  light  emitted  by  the 
plasma  have  not  yet  shown  satisfactory  agreement  between  any  two  photomultiplier 
tubes.  Spectroscopic  investigations  are  also  in  progress.  A  laser  is  under 
construction  for  use  as  a  diagnostic  tool  in  very  high  density  plasmas. 


PUBLICATIONS,  LECTURES,  REPORTS,  AND  CONFERENCES 


Publications: 


Lectures; 


None 


None 


Reports : 

Monthly  summary  reports  for  October,  November  and  December,  1961  have 


been  issued. 
Conferences : 


None 


Factual  Data 


1.  INTRODUCTION 


In  this  quarter,  instrumentation  for  some  preliminary  studies  on  the 
determination  of  the  properties  of  high-density  plasmas  has  been  initiated. 

I 

Using  a  rapidly  changing  magnetic  field  with  prelonlzatlon,  a  neutral  gas  is 
broken  down  to  form  a  highly— ionized  plasma. 

Electromagnetic  waves  will  be  used  as  a  diagnostic  tool  for  some  of 
these  investigations.  A  known  characteristic  of  propagation  in  a  plasma  of 
high-frequency  (w)  electromagnetic  waves  is  that  no  transmission  occurs  when 
the  plasma  frequency.  This  characteristic  will  be  used  to  determine 
the  order  of  electron  densities  attained  in  both  the  formation  and  decay  of 
a  transient  plasma. 

Light  emission  from  the  plasma  will  be  observed  by  using  photomultipliers. 
It  may  be  possible,  by  using  this  technique,  to  determine  the  plasma' s  spatial 
distribution.  Spectroscopic  techniques  will  be  used  to  observe  the  depth  of 
excitation  of  the  atoms  used  (spectrum  of  0,  1,  2  —  n  times  ionized  atoms). 

It  will  also  enable  us  to  identify  the  nature  of  the  impurities  present,  if 


any. 
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2.  DESCRIPTION  OF  PRESENT  APPARATUS  AND  OF  SOME  PRELIMINARY  STUDIES 
2.1  Apparatus  Used  for  the  Formation  of  a  High-Density  Plasma 

The  formation  of  a  high-density  plasma  having  a  geometry  which  would 
lend  itself  to  an  electromagnetic  wave  and  optical  study  appears  as  the 
first  problem  to  be  solved.  The  use  of  internal  electrodes  in  a  plasma  has 
long  been  a  big  source  of  contamination  to  the  gas  under  study.  From  these 
and  other  considerations^  it  was  decided  to  form  the  high-density  plasma  with 
the  use  of  a  rapidly  changing  magnetic  field  in  a  one— turn  coil.  This 
magnetic  field  is  used  to  break  down  a  gas  contained  in  a  glass  tube  placed 
inside  the  one— turn  coil. 

In  this  section^  the  equipment  used  to  produce  the  magnetic  field  for 
some  of  the  preliminary  studies  will  be  described. 

The  capacitor  discharge  energy  source  is  the  main  component  needed  to 
produce  the  high  magnetic  field.  Available  for  use  are  two  banks  of  capacitors 
having  the  following  specifications:  (1)  Type  I  Unit^  85fxf  capacitance^ 

20  kilovolt^  17^000  Joule^  400,000  ampere  peak  current  with  3.2  fjLsec  rise  to 
peak;  and  (2)  Type  II  Unit,  150  p.!  capacitance,  20  kilovolt,  30,000  joules, 
1,600,000  ampere  peak  current  with  2,1  psec  rise  to  peak.  For  the  preliminary 
experiments,  the  Type  I  Unit  was  chosen.  A  schematic  diagram  of  it  is  shown 
in  Figure  1.  A  header  (a  unit  for  coupling  the  capacitor  bank  to  the  one  turn 
coil)  was  fabricated.  The  header  and  the  one  turn  coil  are  sketched  in  Figure 
2.  The  necessary  pulse  equipment  and  control  equipment  were  assembled  to  give 
the  system  shown  in  Figure  3.  The  timing  sequence  of  the  "firing"  of  the 
capacitor  bank  and  of  the  triggering  of  auxiliary  equipment  is  shown  in  Figure  4. 

The  magnetic  field  produced  when  the  capacitor  bank  is  discharged  through 
the  one  turn  coil  has  the  form  shown  in  Figure  5.  The  rise  to  peak  is 
approximately  3.2  psec.  A  small  search  coil  has  been  used  to  probe  the  field 
and  with  the  use  of  an  integrating  circuit  the  magnitude  of  the  field  can  be 
calculated  from  the  formula 

„  R  C  V 

B  =  — - —  X  10  gauss, 

where  R  =  value  of  the  integrating  resistor 
C  =  value  of  the  integrating  capacitor 
V  =  output  voltage  of  the  integrating  circuit 
and  A  =  area  of  the  magnetic  probe  coil  (cm~^) . 
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FIGURE  3.  BLOCK  DIAGRAM  OF  SYSTEM 
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MAGNETIC  PROBE  OUT  PUT 
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FIGURE  5 


EXAMPLE  OF  MAGNETIC  PROBE  OUTPUT 
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A  plot  of  the  variation  in  the  peak  magnitude  of  the  magnetic  field  as  a 
function  of  length  along  the  coil  is  shown  in  Figure  6.  Other  measurements  showed 
that  the  field  is  uniform  in  the  0  and  R  directions  inside  the  coil.  The  peak 
magnetic  field  as  a  function  of  the  voltage  applied  to  the  capacitor  bank  is 
shown  in  Figure  7. 

The  decay  of  the  magnetic  field  intensity  can  be  determined  from  the  plot 
shown  in  Figure  5.  From  this  decay,  the  resistance  and  inductance  of  the 
capacitor  discharge  circuit  can  be  calculated  using  the  formulas 


where  f  =  the  ringing  frequency  of  the  system  and  C  =  the  capacitance  of  the 
bank,  and 

R  =  2Lf  InC^l/ag) 

where  a  and  a  are  two  successive  current  peaks  having  the  same  sign.  For  the 
present  system  the  resistance  and  Inductance  are  .079  ohm  and  0.56fi  henry, 
respectively.  Reproducibility  of  the  magnetic  field  from  one  "firing"  to 
another  is  very  good. 

2.2  The  Vacuum  System 

A  vacuum  system  has  been  built  and  a  schematic  diagram  of  it  is  shown  in 
Figure  8.  The  oil  diffusion  pump  is  cooled  with  water  recirculating  through  a 
radiator  and  pump.  The  tube  in  which  the  plasma  is  contained  is  a  circular 
cylinder  22  cm  long  and  38  mm  in  diameter  with  an  exit  port  for  pumping  and 
filling  with  gas.  Two  thermocouple  gauges  have  been  calibrated  for  neon  gas 
against  a  McLeod  Gauge,,  in  order  to  have  a  good  measure  of  the  gas  pressure  in 
the  coming  experiments. 

2.3  Microwave  Studies 

The  dielectric  constant  for  an  electromagnetic  wave  propagating  through  a 
plasma  is  given  by 

€  =  € 

o 


POSITION  OF  MAGNETIC  PROBE  IN  ONE  TURN  COIL 

FIGURE  6.  PLOT  OF  MAGNETIC  FIELD  VS  DISTANCE  ALONG  ONE  TURN  COIL 


CAPACITOR  BANK  VOLTAGE  (VOLTAGE) 


FIGURE  7.  PLOT  OF  MAGNETIC  FIELD  VS  CAPACITOR  BANK  VOLTAGE 


FIGURE  8. 
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TUBE  TO  CONTAIN  PLASMA 


TRAP 


SCHEMATIC  DIAGRAM  OF  VACUUM  SYSTEM 
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where  « /2ir  =  f  =  8,980  /rT  cps  =  the  plasma  frequency  and  where  n  =  electron 
p  p  V  e  ^  © 

density  (cm”^).  When  the  dielectric  constant  is  zero,  the  plasBia  appears  as  a 

conductor  to  an  electromagnetic  wave,  and  there  will  be  no  propagation. 

Thus,  if  V  «  w,  there  would  be  no  transmission  of  a  microwave  signal  when 

w  <  w  .  By  simultaneously  propagating  several  microwave  frequencies,  electron 
—  P 

density  variations  can  be  determined  by  the  different  ’’cut-off"  and  "cut-in" 

points  of  the  transmitted  signals.  This  has  been  tested  for  the  present  method  of 

forming  a  high-density  plasma,  using  microwave  frequencies  of  67  Gc  and  8.8  Gc. 

The  transmitted  signals  observed  are  shown  in  Figure  9.  Here  the  67  Gc  signal  is 

cut  off  for  about  100  p.sec  and  the  8.8  Gc  signal  is  cut  off  for  about  200  |jisec. 

12 

This  indicates  that  the  electron  density  in  this  case  was  greater  than  10 

13 

electrons/cc  for  200  p.sec  and  greater  than  5  X  10  electrons/cc  for  100  psec. 
Hence,  the  ionization  was  greater  than  2^  of  the  neutral  gas  (Neon)  concentration 
for  100  psec. 

Electron  energies  can  be  determined  by  a  measurement  of  the  microwave  noise 
emitted  by  the  plasma  when  it  acts  as  a  black-body  radiator.  Equipment  has  been 
gathered  for  this  measurement,  but  the  experiment  itself  has  not  yet  been  performed. 
2.4  Optical  Studies 

The  instruments  which  have  been  used  thus  far  to  study  the  visible  light 

spectrum  are  photomultiplier  tubes  and  a  grating  spectrograph.  The  former  are 

usually  used  with  0.7  mm  diameter  quartz  fiber  light  pipes  which  will  help  in  the 

spatial  resolution  of  the  light.  As  yet,  the  observations  of  the  visible  light 

emitted  by  the  plasma  by  the  photomultipliers  have  not  shown  satisfactory  agreement 

between  different  tubes  of  the  same  type.  The  spectrograph  has  been  used  to 

obtain  time  integrated  measurements  of  the  spectrum  radiated  from  the  plasma. 

In  the  study  of  dense  plasmas  by  the  means  of  electromagnetic  waves  we  are 

led  to  the  utilization  of  infrared  or  red  light  as  a  diagnostic  method  when  the 

15  -3 

electron  density  is  greater  than  10  electrons/cm  .  The  coherent  light  from  the 
now  readily  available  lasers  considerably  broadens  the  present  means  of  plasma 
diagnostics.  The  well  known  characteristics  of  a  laser  are  monochromaticity,  high 
power,  and  polarizibility .  These  characteristics  lend  themselves  very  well  to 
the  following  measurement  techniques: 
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1)  measurement  of  electron  density  of  a  plasma  by  interferometry 

2)  measurement  of  electron  density  of  a  plasma  by  observing  the  rotation 
of  the  plane  of  polarization  (Faraday  rotation) 

3)  measurement  of  electron  and  ion  temperatures  and  the  collision 
frequency  by  the  study  of  the  scattering  of  the  incident  beam. 

These  measurement  techniques  come  Immediately  to  mind  because  they  are  the  familiar 
microwave  measurements  transposed  into  the  optical  range.  Other  properties  of  a 
dense  plasma  can  be  Investigated  with  the  use  of  a  laser.  Due  to  its  short 
wavelength^  a  very  fine  analysis  of  a  plasma  could  be  made. 

As  a  result  of  the  above  considerations  a  laser  is  now  under  construction. 

This  will  be  a  ruby  laser  with  an  elliptical  configuration.  This  configuration 
results  in  a  lower  threshold  value.  One  or  two  xenon  flash  lamps  may  be  used  for 
pumping.  The  use  of  two  flash  lamps  has  the  following  advantages: 

1)  If  the  "pumps"  work  together,  almost  double  the  pumping  power  results. 
This  is  useful  because  the  quantity  of  energy  each  lamp  can  take  is  limited. 

2)  The  threshold  value  of  the  laser  can  be  reached  with  one  pump.  The 
other  pump  can  then  be  flashed  to  trigger  the  emission. 

Auxiliary  electronic  equipment  is  also  under  construction. 
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3.  DISCUSSION  AND  CONCLUSIONS 

A  magnetic  compression  device  has  been  assembled  and  tested  using  neon  gas. 

The  following  have  been  observed:  1)  With  no  preionization^  breakdown  does  not 
occur.  With  a  weak  prelonization^  breakdown  occurs  at  the  beginning  of  the 
second  half  cycle  of  the  magnetic  field.  With  strong  preionization,  breakdown 
occurs  at  the  beginning  of  the  first  half  cycle.  This  is  in  qualitative  agreement 
with  the  behavior  of  0-pinch  type  devices.  2)  Microwave  transmission  through 
the  plasma,  along  the  axis  of  the  one" turn  coil,  has  been  studied  at  a  few  fre¬ 
quencies.  Cut-off  occurs  in  each  case.  3)  The  spectral  response  of  different 
photomultiplier  tubes  of  the  same  type  may  impair  the  general  usefulness  of  these 
devices  in  observing  plasma  behavior. 

Plans  for  the  Next  Quarter 

In  the  next  quarter  investigations  will  be  directed  toward  the  following: 

1)  Improvements  will  be  made  in  the  control  of  the  initial  gas  pressure  through 
the  addition  of  the  two  calibrated  thermocouple  gauges  to  the  vacuum  system.  A 
new  glass  tube  to  contain  the  plasma  will  be  added  to  the  system  also,  completely 
filling  the  one  turn  coil.  2)  Improvements  will  be  made  in  the  apparatus  for 
preionization.  A  pulsed  rf  source  will  be  constructed  to  help  eliminate  the 
pick-up  due  to  the  present  method  of  preionization,  3)  Radio  wave  transmission 
tests  will  be  repeated  with  waveguides  designed  to  (a)  launch  waves  of  several 
frequencies  (microwave  as  well  as  lower  frequency  rf)  simultaneously  into  the  plasma, 
and  (b)  to  match  the  impedance  of  the  coil  and  glass  system  more  closely.  The  use 
of  several  frequencies  will  allow  the  measurement  of  electron  density  as  a  function 
of  time  for  each  transient  plasma.  4)  Emission  of  microwave  noise  from  the  plasma 
will  be  measured  to  ascertain  the  electron  temperatures.  5)  Microwave  reflections 
will  also  be  measured  to  determine  to  what  extent  the  plasma  behaves  as  a  back- 
body  radiator.  6)  Faraday  rotation  will  be  sought  as  another  method  of  determining 
electron  densities,  7)  Spectroscopic  investigations  of  the  degree  of  ionization 
attained  in  the  plasma  will  be  made,  and  8)  The  components  of  the  laser,  and, 
perhaps,  the  laser  Itself  may  be  ready  for  testing. 
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He  served  two  years  in  the  French  Navy  as  an  Electronics  Radar  Officer. 
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